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Abstract: The term complex here refers to the intermediate area between homogeneously and heterogeneously flowing 
slurries. Typical examples are residual products (“tailings”) from the mining industry with average particle sizes of 20 to 100 
microns. The performance derating are of special interest when centrifugal slurry pumps are applied to these slurries at high 
solids concentrations. The Hydraulic Institute’s slurry (ANSI/HI 2005) and viscous Newtonian liquid (ANSI/HI 2004) 
standards are briefly covered with focus on applicable viscosities for non-Newtonian slurry behaviour. Various experimental 
results are discussed and found to give maximum deratings in head and efficiency of about 10 and 15 %, respectively, 
provided stable head curves can be maintained. Magnified shock losses, circulatory flows and blockage of slurry and 
possibly vapour tendencies in the pump entrance region may be considered as  mechanisms behind unstable head 
curves together with the flow behaviour of the slurry. 
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1. INTRODUCTION 
 

The term complex here refers to the intermediate area between homogeneously and heterogeneously flowing 
slurries or ”non-settling” and “settling” types of mixtures, respectively. Typical examples are residual products 
(“tailings”) from the mining industry with normal average particle sizes of 20 to 100 microns, see for example 
Wennberg and Sellgren (2007). Today there is an increased interest in using less water, which means handling of 
tailings slurries at high solids concentrations. Criteria for thickening and pumpability are often referred to in 
rheological terms, for example yield stress, i.e. homogeneous flow. It is known that these slurries may not 
behave in a completely non-settling way flowing homogeneously during pipeline transportation because larger 
particles may show settling tendencies. 
 

The performance of centrifugal pumps is influenced by the solids in the slurry through deratings of the clear 
water head and efficiency. The Hydraulic Institute has developed a new standard (ANSI/HI 2005) for centrifugal 
slurry pumps were guidelines are given to predict the performance when handling typical settling or non-settling 
slurries. 
 

The performance of a centrifugal pump is affected when handling slurries. The relative reduction of the clear 
water head and efficiency for a constant flow rate and rotary speed may be defined by the ratios and factors 
shown in Fig. 1. 
 



 
 

Fig. 1. Sketch defining the  reduction in head and efficiency of a centrifugal pump pumping a solid water mixture. H and H0 
are heads in slurry and water service, respectively. The corresponding efficiencies are η and η0. 

 
A generalized diagram for estimation of the performance derating in head for settling slurries is given in 

Figure 2, see ANSI/HI (2005) or Addie et al.(2007) 
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Fig. 2 Generalised solids-effect diagram for pumps of various sizes (impeller diameters).For solids concentration by volume 
15% with relative density of solids,  2.65, and a negligible amount of fine particles smaller than 75 micron. From ANSI/HI 

(2005). 
 

Abritrary HR or RH values from Fig. 2 are then obtained through concurrent corrections for solids 
concentration, relative density and content of particles smaller than 75 micron, for details see ANSI/HI (2005) or 
Addie et al. (2007). 

 
Typical pump performance effects when pumping viscous Newtonian liquids are shown Fig. 3. 

 

 
 

Fig. 3. Schematic sketch on pump characteristics depending on fluid viscosity 
 
 



ANSI/HI (2004) provides a generalized derating method of the water performance when pumping viscous 
Newtonian liquids (Fig. 3), i.e. when the property can be defined by a constant viscosity value. It can be seen 
from Fig. 3 how both the efficiency and the best efficiency region is influenced, indicating that the pump 
behaves as a smaller unit. Correction factors for head, flow rate and efficiency are based on viscosity, head, flow 
rate and rotary speed. 
 

Non-settling type of slurries means that the liquid contains solids in the form of very small particles, 
practically giving no segregation or settling tendencies during the handling in pumps and pipelines. These 
mixtures behaves often in a non-Newtonian way and exhibit a yield stress which is defined as the minimum 
stress required causing the slurry to flow. Highly concentrated industrial slurries can often be approximately 
represented by a yield stress and a straight line for larger shear strains in a rheogram. The slope of the line is 
often denoted ‘tangent viscosity’. If the linear relationship prevails to zero shear strain then the slurry is a 
Bingham type of medium, for which the slope (tangent viscosity) is termed plastic viscosity or coefficient of 
rigidity. 
 

Pump performance derating results for two non-Newtonian slurries fluids causing unstable head curves are 
shown in  Figs. 4 and 5. 

 
 

Fig. 4. The effect of slurry on the pump head and  efficiency at solids concentrations by volume of 31 and 35 % of a scrubber 
sludge product. Impeller diameter 0.63m. τy  =35 Pa  and η =0.03 Pas  for  35%. From Sellgren et al.(1999). 

 
 

 
Fig. 5.Kaolin, τy =240 Pa, η= 0.034 Pas. A 0.15 by 0.1m pump with a 5-vane metal impeller with diameter  0.365m. BEP at 

about 50 l/s. From Kabamba (2007). 
 

The flow rates for which the head cannot be maintained for the fine-particle slurries in Figs. 4 and 5 are about 
50% of the flow at the best efficiency flow rate (BEP).The results in the figures show how the head diverges for 
low flow rates, which is opposite to what is shown in Figure 3 for viscous Newtonian liquids. The deratings in 
Figure 3 are caused by increased flow resistance within the pump due to an increased liquid viscosity. The 
slurries in Figs 4 and 5 are composed of small solid particles which takes up 20 to 35% of the volume. Most of 
the kaolin particles are smaller than about 2 microns and the suspension can be considered to be fully 
homogeneous. 



 
The ANSI/HI (2005) slurry pump standard relates for non-settling slurries that corrections can be based on a 

characteristic viscosity, for example the tangent viscosity  defined above or other viscosity concepts. With 
industrial non-settling slurries typical deratings in head and efficiency may not exceed 5 to 10% when operating 
close to the best efficiency point of the pump. However, with respect to the complex behaviour sometimes 
observed for lower flows, it is suggested in the standard that the pump manufacturer should be consulted for 
guidance regarding non-Newtonian effects on pump performance. 
 

1.1 MODELLING 
 

Apparent viscosity is the viscosity at a particular rate of shear expressed in terms of a Newtonian fluid. With 
a non-Newtonian fluid with a yield stress, the apparent viscosity increases dramatically for small shear rates. 
Most modelling approaches of the progressively derating with decreasing flow rates have been based on 
assumptions about a representative shear rate within the pump. The corresponding apparent viscosity is then 
used with the Hydraulic Institute Newtonian liquid method to calculate the derating factors. Sellgren and Addie 
(1994) simply used the bulk shear rate 8V/D (V is velocity) calculated for the pump suction pipeline diameter, 
D, to simulate the reduction in head in Fig.4. The agreement was good for the conditions covered in Fig 4, 
however the approach does not represent conditions in the pump entrance region and it could not be validated 
when compared to other data, for example Walker and Goulas (1984). 
 

Pullum et al. (2007) related an apparent viscosity to a characteristic geometric section within the pump, thus 
representing a characteristic shear rate. The detailed section geometry is so far mainly determined by 
experimental data, however results correspond to realistic main pump dimensions and the approach seems 
promising for generalisations. 
 

A different modelling approach by Wilson and Sellgren (2006),directly linked to the yield behaviour 
simulated well the experimentally observed dramatic drop in pumping head at flow rates less than about 50 % of 
BEP in Fig.4. They expressed a dimensionless yield stress parameter to the actual flow rate over the flow rate at 
BEP. Build-up tendencies of material within the pump have been documented in pictures with an acrylic pump, 
Pullum (2006). These attached lumps can occlude fractions of the passages within the pump which may seriously 
influence the head produced. 
 

2. OBJECTIVES 
 

The objective in this paper is to characterize the effect of solids on the performance of centrifugal slurry 
pumps for various industrial slurries with a complex behaviour as defined above. The effect on the performance 
is often moderate to low when the head curves are fully maintained. Experimental results will be presented and 
various mechanisms causing the effect of solids will be discussed. 

 
3. CHARACTERISATION 

 
Values of HR and ER in the range of 0.9 to 1 were presented by Cooke( 2007) from results obtained for 

various  high-density tailings products with yield stresses of up to 100 Pa and  η from 0.01 to 0.07. He related the 
derating parameter to a chart that goes back to Walker and Goulas (1984) and a pump Reynolds number. 

                                                      
η
ρω miD2

Re=                                                          1 

where ω is rotational speed, Di, impeller size ,ρm slurry density and η and plastic or tangent viscosity  Cooke 
(2007) recommended that installations are not designed for Re< 3.105 without conducting test work. This value 
corresponds in the chart to about 0.8 and about 0.9 for Re about 106. In this range the derating on head will be 
small with HR>0.95.With Re in excess of 107 any derating can be neglected. One of the tailings product 
investigated by Cooke had 70% of the particles larger than 75 micron with a d50 here estimated to about 0.1mm. 
Even if the settling slurry diagram in Fig.2 has not been intended for this type of mixtures, it gave HR values of 
about 0.95, i.e. in accordance with observations and Eq.1. 
 
 
 
 
 
 



3.1 SIMULATED TAILINGS DATA 
 

A simulated a tailings product was characterized by a fully sheared yield stress of about 100 Pa., Addie and 
Sellgren (2007). The rheology was evaluated from the pipeline loop results and expressed in terms of the yield 
stress and a tangent viscosity. The corresponding tangent viscosity was estimated to 0.055 Pas. Resulting pump 
deratings are given in Fig. 7.The pump was a modified 3-vane metal unit with an open shroud 0.3 m diameter 
impeller having a simple auger-like inducer. 
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Fig.7 Pump performance derating for a simulated tailings product characterized by a yield stress of about 100 Pa. From 

Addie and Sellgren (2007). 
 

It follows from Fig. 7 that the estimated head curve was stable HR and ER were found to be 0.95 and 0.86, 
respectively. These values agreed reasonably well with the Re-criterion in Eq.1 and the HI-method based on 
Newtonian fluids. Whitlock and Sellgren (2002) reported tests with a paste-like slurry with solids concentration 
by volume, C=38 % in  the  0.3 m impeller pump described in connection with Figure 7,see Table 1. It follows  
that values of HR and ER were 0.9 and 0.85. 

 
                                                                                                            Table 1 

Resulting HR and ER for τy =240 Pa and η=0.07 Pas. Whitlock and Sellgren (2002) 

Product C Rotary 
speed 

Impeller 
diameter HR ER 

Pump type, 
comments and 

reference 

Clay-
sand 38 1300-2000 0.3 0.9 0.85 

0.1 by 0.075 m open 
shrouded 3-vane 

impeller  
 

3.2 KAOLIN AND CMC DATA 
 

Bootle (2006) investigated the derating effects for high and low yield stress kaolin slurries with C= 28 and 
37% with a 4-vane semi open 0.244-m impeller pump. A chemical additive was used to reduce the yield stress 
from 200 Pa to 7.5 Pa, see results in Table 2. 

Table 2 
For C=28%, τy =200 Pa , η=0.14 Pas. For 37%,  τy =7.5 Pa , η=0.018 Pas  after adding a chemical. 

Product C Rotary 
speed 

Impeller 
diameter HR ER Pump type, comments 

and reference 

Kaolin 28 
37 1500 0.244 0.99 

0.99 
0.83 
0.82 

0.186 by 0.1 m semi-
open 4-vane impeller,  

Bootle (2006) 
 

It follows from Table 2 that the performance is not affected despite the big change in yield stress in this case 
and the values for HR 0.99 and ER 0.82/0.83. Any derating effect was not observed on the head. 
Results by Kabamba with a CMC fluid is shown in Fig.8. CMC is a non-Newtonian liquid with pseudoplastic 
properties and no yield behaviour. 



H
ea

d 
(m

)

 
Fig. 8. Head curve for a CMC fluid with pseudoplastic coefficients 3.69 and 0.598. Bingham parametrar for large shear rates 

gave τy= 50 Pa and η =0.2Pas. Pump and pumping conditions as in Fig.5. From Kabamba (2007). 
 

The tendency of a lowering head in Fig.8 indicates that a yield stress not necessarily is a determining factor 
for the development of an unstable head curve. 
 

4. DISCUSSION 
 

With the exception of Bootle’s high-yield stress results in Table 2, it was found that head could not be fully 
maintained at lower flow rates as shown here for results from various non-settling fine particle slurries in Figs. 4 
and 5 and a yield-free power law liquid in Fig. 8. These media show various degrees of non-Newtonian 
behaviour expressed by an apparent viscosity that increases for decreasing flow rates. 
 

The observed set-in of destabilisation effects was related to how far away from the BEP-region the pump 
operates. The further to the left of BEP the more recirculation and shock losses which basically increase with the 
square of the flow rate at BEP minus the actual flow rate. An increase in rotary speed in this domain for a 
constant flow rate may contribute to the destabilisation because the distance away from BEP increases, see 
schematic example in Fig.9. 
 

 
 

Fig. 9. An increase in head from A to B through an increase in rotary speed, N, for a constant flow rate means operation 
further away from the BEP-region. 

 
The head curve was stable for the data in Table 1 at C=38%. However, with C = 41 % and a τy of about 350 

Pa the situation in Fig.9 occurred when a tendency of a drop in head was met with an increase in rotary speed. 
Detailed evaluation of experimental data showed that HR dropped from 0.84 to 0.70 in the BEP-region when N 
increased from 1775 to 1925 rpm for practically constant values of flow rate, C, and pipeline friction losses 
during about 7 minutes, Fig. 10. 
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Fig.10. Decrease in head and efficiency ratio for C= 41% ( τy about  350 Pa) when N increases with practically constant flow 

rate and pipeline friction losses during about 7 minutes. 
 

This situation may be caused by progressive build-up of material within the pump with geometrical 
modifications of flow passages within the pump that promote losses and affects the suction performance. With a 
constant flow rate the effect of the apparent viscosity is not caused by a decreased flow rate, only of the change 
in local flow pattern associated with the increase in rotary speed. Following Eq.1, an increase in N should 
increase Re and thus contribute to a stabilisation. However, the situation is complex, the cause of the increase in 
N may also be an increase in η. In addition, Sery et al. (2006) reported from kaolin tests a slightly smaller drop 
in head when the rotary speed increased. 
 

The 4-vane semi open 0.244-m impeller pump used by Bootle (2006) for kaolin was modified with an 
enlarged suction inlet from 0.1 to 0.186 m and integrated flow inducer scoops, which project into the enlarged 
inlet. The suction performance is strongly influenced by the detailed configuration of the entry of the impeller 
inlet with the vanes. The rapid changes in direction along the flow path cause shock losses which together with 
recirculation dominates the losses for low flow rates compared to the BEP-region. 
 

Roudnev (2004) found that NPSHR can be several times larger than the water value based on experimental 
results from several Russian references from 1972 to 1986 with Bingham-type of slurries, for example heavy 
media magnetite products. The greater requirement was related to blockage tendencies in the entrance region by 
the yield behaviour resulting in higher velocities and thus lower pressure. It is not known if the findings reported 
by Roudnev was associated with any unstable head curve for low flow rates. However, the discussed 
mechanisms have some similarities to possible blockage from vapour in the entrance region sometimes observed 
for liquid pumping at low flow rates with strong local recirculation causing cavitational conditions, Girdhar and 
Moniz (2004). 
 

An  unstable head curve at low slurry flow rates may be the combined effects of recirculation with strong 
local eddy currents and vortexing together with a complex solid-liquid mixture or fluid that magnifies the 
entrance shock losses to an extend that the pump head cannot be maintained. 
 

5. CONCLUSION 
 

Various experimental results are discussed and found to give maximum deratings in head and efficiency of 
about 10 and 15 %, respectively, provided stable head curves can be maintained. Magnified shock losses, 
circulatory flows and blockage of slurry and possibly vapour tendencies in the pump entrance region may be 
considered as mechanisms behind unstable head curves together with the flow behaviour of the slurry. 
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